First selective nitrate biosensor device based on an extended-gate type organic field-effect transistor (OFET) is reported. The fabricated sensor device consists of the extended-gate electrode functionalized by a nitrate reductase with a mediator (=a bipyridinium derivative) and an OFET-based transducer. The mechanism of the nitrate detection can be explained by an electron-relay on the extended-gate electrode, resulting in changes of the electric properties of the OFET. The detection limit of nitrate in water 
Introduction
Since the discovery of the field-effect phenomenon of organic semiconductors in 1984 (Kudo et al., 1984) , a great deal of attention has been paid to organic field-effect transistors (OFETs) worldwide (Sirringhaus, 2014) . Because OFETs possess intriguing properties such as printability, stretchability, mechanical flexibility and low fabrication costs, their practical applications have been exploring even though the improvement of the field-effect mobility of OFETs is still an ongoing project. To date, rollable activematrix displays (Gelinck et al., 2010) , radio-frequency identification (RFID) tags (Subramanian et al., 2005) and flexible nonvolatile memories (Heremans et al., 2011) have been successfully demonstrated. In that regard, biosensors based on OFETs are one of the more promising applications, having a great potential toward the development of wearable and disposable healthcare devices. Toward that end, OFET sensors have been applied to the detection of biologically active substances such as immunoglobulins (Hammock et al., 2014; Minamiki et al., 2015 and Palazzo et al., 2015) , saccharides (Liu et al., 2008 and , small anionic species (Khodagholy et al., 2012 and Minami et al., 2015a , 2015b , biogenic amines (Diallo et al., 2009 and Minami et al., 2015c) , neurotransmitters (Casalini et al., 2013 and Jang et al., 2015) , etc. The development of OFET-based biosensors has just begun to bloom in recent years (Lin and Yan, 2012; Torsi et al., 2013 and Manoli et al., 2015) .
In this context, we decided to develop a selective nitrate sensor device using
is not only often employed as a food additive but also ubiquitously contained in environmental water and drinking one, over-ingestion of which could cause serious diseases such as bladder or gastric cancer, infant methemoglobinemia, etc (Bruning-Fann and Kaneene, 1993 and Ellis et al., 1998) . In addition, the nitrate level in saliva might be related with psychological stress (Jin et al., 2013 and Kitamura et al., 2012) . The detection methodology for nitrate has been thus researched, and a couple of powerful detection methods based on colorimetric (Monteiro et al., 2003) or fluorometric (Biswas et al., 2004) spectroscopy, ion chromatography (Shu-yu, et al., 2013) or ion-sensitive inorganic field-effect transistors (Zayats et al., 2001 and Wakida et al., 2007) were successfully demonstrated. Although ion-sensitive inorganic FETs are well known as a reliable method, OFET capable of sensing nitrate could pave the way to a new approach for disposable electronic devices toward on-site detection of nitrate. Herein we report for the first nitrate sensor device based on the OFET. The fabricated OFET possesses an extended-gate which is functionalized with a nitrate reductase and an electron-transfer mediator (= a bipyridinium derivative (BP)) (Fig. 1) . The electron-transfer mediator is immobilized on the extended-gate electrode, the upside of which is covered by the nitrate reductase.
Sodium dithionite exists in aqueous solutions, which serves as an electron donor to the enzyme (Zayats et al., 2001 ). An electron-relay on the extended-gate electrode thus occurs, being able to cause the reduction of nitrate. We demonstrate here that the nitrate detection could be achieved by changes in electrical characteristics of the OFET based on such electron-relay.
Experimental

Fabrication of the OFET
The OFET sensor device consists of the drive unit (the OFET) and the detection electrode (the extended-gate) (Fig. 1) . The low-voltage operation (< 3 V) was attained by employing AlOx with tetradecylphosphonic acid (C 14 -PA) as the gate dielectric layer (Klauk et al., 2007 and Fukuda et al., 2009 ). An easy fabrication was enabled using 
Functionalization of the Extended-Gate Electrode
The extended-gate electrode, which was the detection portion made of gold (50 nm), was prepared on a polyethylene naphthalate film (125 μm thick) using thermal evaporation, such that the sensing area was 15 mm 2 . The prepared extended-gate electrode was washed with water and methanol, followed by immersion in a methanol solution of 2-aminoethanethiol (10 mM) for 1 h at room temperature. After this period, temperature. By a drop-casting method, the fabricated electrode was coated with the nitrate reductase from Aspergillus niger (60 units / mL) in a HEPES buffer solution (10 mM, pH 7.4). The coated electrode was allowed to stand for 1 h at room temperature.
The electrode was subsequently covered with glutaraldehyde (10 vol%). To immobilize the nitrate reductase on the electrode by glutaraldehyde, it was allowed to stand for 30 min at room temperature. Finally, the extended-gate electrode was washed with a HEPES buffer solution (10 mM, pH 7.4).
Results and Discussion
Characterization of the Fabricated OFET Sensor
The fabricated OFET device could be operated reproducibly at below -3 V (= V GS = V DS ) under ambient conditions, the field-effect mobility and on/off drain current ratio of which were estimated to be 0.02 cm 2 /Vs and ~10 3 , respectively. Repeated measurements for the evaluation of the electric stability showed that the transfer curve did not shift against DC bias stress (See the supplementary material, Fig. S1 ). Although the electric performance (such as switching response) of the developed OFET is not high in comparison with that of the conventional ion-sensitive inorganic FETs, one of the advantage is that the fabrication process of the OFET is much simpler and easier (See Section 2.1). Together, these results indicated that the OFET is enough to be applied in chemical sensing .
Next, we confirmed the formation of 2-aminoethanethiol self-assembled monolayer and the attachment of the BP on the gold electrode using photoelectron yield spectroscopy (PYS) in air. The results of PYS exhibited a lower work function on the 2-aminoethanethiol-treated gold electrode (4.2 eV) than that on an untreated gold electrode (4.6 eV) (Fig. S2) , which suggested that the electron-donating group capped the gold electrode (de Boer et al., 2005) . Additionally, a measurement of wettability showed the contact angle of the 2-aminoethanethiol modified electrode (48°±4.4°), which is higher than that of the untreated gold electrode (40°±1.9°) (Fig. S3 ). This stems from hydrophobicity of the 2-aminoethanethiol. Moreover, we measured PYS and wettability after the immersion of the electrode into the aqueous solution with BP. A dramatic downshift of the work function (5.3 eV) and a higher contact angle were observed, which is presumed to be due to the positively charged bipyridinium unit on the gold electrode. To obtain further evidence for the attachment of BP on the gold electrode, we also measured X-ray photoelectron spectroscopy (XPS) that suggested the presence of nitrogen, sulfur, and oxygen (Fig. S4) . Overall, these characterization data are in support of the assertion that the functionalization of the gold electrode with BP was successfully attained. Thus, we covered the gold electrode using the nitrate reductase, and the fixation of the enzyme was performed by the cross-linking agent (=glutaraldehyde).
Response Time of the Fabricated OFET to the Nitrate Addition
The successful characterization of the fabricated OFET allowed us to evaluate the sensing ability of the OFET for the nitrate detection in aqueous media. In conventional OFET-based biosensors, the surface of the organic semiconducting layer employs as both of a detection portion and a drive unit (Stoliara et al., 2009 ). Although such structure can offer a very compact device, degradation of OFET by water often occurs and thereby offers an unreproducible sensing response. In our design, the drive unit passivated by the fluoropolymer is completely separated from the detection portion (=the extended-gate electrode), which can provide the stable operation and the reproducible response. The extended-gate electrode and the OFET were connected and the electrode was dipped into a HEPES buffer solution with sodium dithionite at pH 7.4 at room temperature. The gate voltage was applied through a silver/silver chloride and the initial bias-stress on the device was eliminated by the operation of the OFET (V DS = V GS = -2.0 V) for 1 h. The output characteristics of the OFET upon addition of nitrate was then measured using a source meter. Fig. 2a displays the time course change of the output current (I DS ) for the nitrate addition. As expected, we observed a clear response to the addition of nitrate. The 90% response time of the OFET for the nitrate addition was within 20 sec, which is comparable with that of the inorganic FET-based nitrate sensor (Zayats et al., 2001 ) and much faster than that of the other optical spectroscopic methods (Monteiro et al., 2003 and Biswas et al., 2004) .
Changes in the OFET Transfer Characteristics with Addition of Nitrate and Its
Selectivity
We also measured the transfer characteristics of the OFET upon titration with the HEPES solution of nitrate. As a consequence, the titration experiment indicated a negative shift of the transfer curve with increasing the nitrate concentration (Fig. 2b) . The valence of the electron mediator (= BP) on the extended-gate electrode is changed when the enzyme reaction occurs (i.e. BP 2+ ↔ BP + ), which results in the change of the potential difference between the reference and the extended-gate electrodes. Because channel conductance within the OFET (which is closely related with the V TH , see the supplementary material) is affected by the potential difference (Bergveld, 2003) , the V TH shift upon addition of nitrate was observed. To confirm the electrical response arose from the electron-relay (Zayats et al., 2001 ), we carried out the similar titration experiment in the absence of sodium dithionite. As predicted, almost no electrical changes of the OFET were observed by addition of nitrate (Fig. S5) . These data strongly supported that the enzymatic reaction based on the electron-relay induced the changes in OFET characteristics.
To evaluate the selectivity of the OFET sensor, we also titrated some representative small anions such as chloride (Cl (Miller and Miller, 2010) as 45 ppb. The LOD obtained is lower than or comparable to those of the inorganic FET-based sensor (Zayats et al., 2001) , electrochemical (Monea et al., 2010) , colorimetric (Monteiro et al., 2003) and fluorometric (Biswas et al., 2004) methods, while that of high-performance liquid chromatography (5 ppb, Shu-yu et al., 2013 ) is further lower than our OFET-based sensing system. However, the further improvement of sensitivity could be achieved by OFET-based amplifiers (Fukuda et al., 2015) , which is thus in progress in our laboratory.
Nitrate Detection in Diluted Human Saliva
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The nitrate level in saliva might be associated with psychological stress (Jin et al., 2013) . For instance, a ship navigator's mental workload was evaluated by monitoring of salivary nitrate, resulting in that the level seemed to increase in response to psychological stress during navigation (Kitamura et al. 2013) . Toward the evaluation of feasibility of the OFET sensor for practical applications, we executed the nitrate detection in diluted human saliva (Fig. 3) . The saliva samples from a healthy volunteer were used as obtained including proteins such as amylase (Zakowski et al., 1985 and Nater et al., 2005) , lactoferrin (Glimvall et al., 2012) , myeloperoxidase (Thomas et al., 1994) , etc. The detection of nitrate in human saliva is authorized by the Ethics Committee of Yamagata University (authorization code: 27-10). As a result, the threshold voltage of the fabricated OFET device was changed with increasing of the nitrate level (Fig. 3) . The recovery for the standard nitrate solution added to the samples was estimated to be 97.4±1.8% (n = 3) (addition amount: 24 μM), suggesting that the analytical accuracy of the OFET sensor is comparable to that of a commercially available and colorimetric method based on a diazo coupling of sulfanilamide and N-(1-naphthyl) ethylenediamine by nitrite generated using zinc reduction of nitrate (100.4±5.2%, (n = 3)). Thus, the fabricated OFET could be employed for the specific detection of nitrate contained in biological fluids such as saliva.
Conclusion
We have successfully developed the highly selective and sensitive nitrate biosensor based on the extended-gate type OFET. Importantly, the nitrate detection has been demonstrated in diluted human saliva containing various proteins. The LOD obtained was 45 ppb. This paper will dictate the criteria for the highly sensitive detection of nitrate using OFET biosensors. We believe our preliminary results have implications that will impact the future development of disposable electronic devices for biosensing applications. 
